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I. INTRODUCTION

One of the major objectives in experimental mechanics is

the displacement measurement in a deformable body. In the

past, measurements of such deformation have been restricted

to the surface of the body , however for many structures,

surface deformation analysis is quite adequate as evidenced

by the many reports that have appeared in the literature

over the past t~~ decades. As structural ana lysis becomes

more complex , the need for examining internal deformation

has arisen.

Ultrasonic inspection using beams of ultrasound is a

technique growing rapidly to fill the needs of modern

experimental mechanics. Ensminger [11* documents many

modern applications dealing with topics such as thickness

measurements, inspection of metals and non—metals and the

determination of bond integrity . Ultrasonic inspection is

further being extended to tissue examinations and bone scans

in the medical field (21.

Essentially all modern applications of ultrasound for

inspection purposes seek to image anomalies within a

structure. A modern application of ultrasound for

* Numbers in brackets refer to the reterences listed on
page 89.
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1~deformation analysis is through the se of acoustical

holographic interferometry [3]. This technique uses a

reference and object beam of ultrasound similar to optical

holography to produce an acoustical hologram of a structure

in a deformed and undeformed configuration. The

interferograrn, recorded using an oscilloscope and film , is

then reconstructed using a laser system similar to optical

holography. The reconstructed interference effect is

interpreted as in optical holographic interferometry .

Although the technique suffers from poor resolution, it is

significant since it represents one of the first attempts to

make internal deformation measurements.

Holographic techniques for making measurements require a

high degree of vibration isolation since the magnitude of

the measurements are on the order of the wavelength of the

illuminating light source used [4]. Laser speckle

interferometry , being much less sensitive than holographic

interferometry, is a technique growing in popularity for

making deformation measurements (5]. Figure 1 illustrates

the basic method for making a laser speckle interferogram.

When a diffuse surface of a structure is illuminated with

coherent radiation, a grainy speckle effect is imaged by the

eye or film plane of a camera due to the interference of

light from the structure. This speckle effect is enhanced

when the structure has microscopic surface irregularities.

2 (

—a — —~---—



•~~~~—.., - -
~~
--—

~~~ . ~~~~~~~ -.. —_ -- ~~-~~~~ —~~~~~~~

!1

(a) Formation Process

Coher ent
Light Source

—

Caaera Lens

File
\ PlaneDeformed Bod y(Cyltnder)

a.-
Undeformed Bod y Path of Laser Beam

Illumination

(b) Reconstruction Process

. 
r t ~~~~~~

1e

__ 

I 
Lam

~~~~ ~~~~
—

~~~~

----
~~~~~~~~~~~~~~ I )

• 
/.,)~~~~~ffraction Halo 

~~,;~:;t/ ~~~
—

~~:~~~~~
“ of

• ModUlated by Light / ( I~~~ mination

/ Film Plane
— Viewing Screen

Double Exposure Interferogra.

Figure 1. Laser Speckle Interferometry Configuration

1~

• : :~~:: • 
. - 

‘- — . .

I__ . .. _ j~~~~~~~~~~~~ ’ ~-  - 
~~~~~~~~~~~~~~~~~~~~ ~~~~ 

- IL. ~~ . ~~~~~~~~~~~~~~~ - .. ~~.



_ _ _ _  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --~~~~~~~~~

If the optical configuration remains fixed , the speckle

• pattern of the test object may be recorded on the film plane

of a camera. Further, if the structure is deformed the

speckle points shift with the deformation and a second

exposure of the deformed speckle pattern can be made.

Speckle interferograms of a structure are normally made

by photographing the speckle pattern in a deformed and

undeformed configuration using a technique of double

exposure. A beam of laser light is then passed through a

region of the double exposure where the local deformation is

desired . As the beam passes through the film the deformed

and undeformed speckle recorded there diffract the laser

light and cause an interference effect on a viewing screen.

A diffraction halo modulated by light and dark bars of light

is produced where the distance d between bars is inversely

proportional to the distance between the undeformed and

deformed speckle on the film plane. A normal to the light

and dark bar pattern indicates the axis of deformation of

the speckle. Laser speckle interferometry is a very useful

tool but it cannot give information about the internal

deformation of opaque solids.

In speckle interferometry the film plane records the

amplitude variation across the surface of the test object

due to the multiple interference effect of the various

scattering points on the surface. Ultrasound provides a

4
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direct analogy to light in that it too has both amplitude

and phase characteristics. The direct extension of

substi tuting a sound wave for light is an obvious one since

it was f i rs t  performed in acoustical holography. When the

surface of an object is irradiated with ultrasound small

irregularities in the surface, often in the microscopic

regime , reflect and transmit the ultrasound. These

irregularit ies may be recorded with a receiving transduce r

to give a mapping of the surface over some small reg ion . If

the surface is displaced , the displacement can be determined t
by examining the displacement of the mapping function .

One of the most important facets of using ultrasound for

interferometric measureme nts is that it has the capability

to penetrate into the test object. If a scattering region

• of ultrasound exists wi th in  the structure then its

displacement can be predicted . Figure 2 illustrates two

possible configurations for mapping the random ultrasonic -

interference effects from a structure. In the pulse—echo

mode, usually a 1.0—4.0 ps pulse of ultrasound of 1.0—10.0

MHz is sent from the transducer to the structure. When the

ultrasound encounters the structure—acoustical couplant

interface, a portion of the energy is reflected from the

interface and the rest is transmitted into the ma terial. If

an anomaly below the surface exists, a reflected echo is

5
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Figure 2. Acoustical Speckle Interferometry Configuration • -
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produced from this scattering surface. In pulse—echo

scanning the return echo from the interface and scattering

surfaces is gated , amplified and digitalize to produce a map

of the echo return amplitude from any layer below or at the

interface between the structure and acoustical couplant.

• The map over a plane region is made by moving the

transducer.

Continuous mode scanning utilizes a separate transmitter

and receiver transducer. The echo return from some level

below or at the surface of the structure is recorded by

properly orienting the receiver transducer. Continuous

scanning tends to produce better mappings of echo returns

than pulse—echo for reasons which will be explained later.

As the transmitter and receiver transducers are moved across

the surface of the test object their orientation with

respect to one another remains f ixed .

After  a mapping of the echo return from the structure is

recorded analogous to the first exposure of a speckle

interferogram , the structure is displaced and a second

mapping like a second laser speckle exposure is made. Using

the process of numerical cross—correlation , the displacement

of regions on the structure can be computed . This too is

analogous to the reconstruction process in laser speckle

interferometry . •
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II. BASIC PROBLEM DESCRIPTION

This section presents the theory necessary for

understanding the basic wave propagation process used in

• acoustical speckle interferometry . In ultrasonic inspection

there are four basic types of wave motion of interest (6].

Longitudinal waves are the most important wave form in

solids and liquid media which are compressional waves along

the axis of propagation . Examples includ e sound waves in

air and water. The next most important wave form is the

transverse or shear wave wh ich involve particle mot ion

perpendicular to the axis of propagation . Low viscosity

liquids cannot support shear stresses, there fore these waves

are only found in solids. The third important wave form is

the Rayleigh wave. These waves show both longitudinal and

shear wave characteristics. Particle motion is generally in

the form of an ellipse and they can only exist on the

surface of a solid . Finally, there is the Lamb wave which

• is characterized by elliptical particle motion in a solid

• with two closely spaced parallel surfaces. An example is

found in the vibrational motion of plate and sheet stock.

The analysis in this section will concentrate primarily on

longitudinal and shear waves.
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2.1 The Wave Equation

The formulation of the wave equation is based upon

linear elasticity coupled with the representation of the

displacement of points in a continuum by the vector and
• scalar potential functions. Basic stress—strain relations

from linear elasticity [7] form the foundation of the

analysis
a — (2C + A)c + A(c + e  )

XX XX yy ZZ (2 .1)
— (2G + A) c + ) t( C  + C

ZZ
) ( 2 . 2 )

a — (2C + A) c + A(e + (2.3)

— 2Gc~ , (2.4)

O 2Cc (2 . 5 )yz yz

a + 2Cc ( 2 . 6 )

These equations relate the stress components to the

E l ]  strain components and Lame ’ constants A and G. The

strain components are related to the Uj  displacement

• components in a cartesian system by
• • au

• • x• (2 .7 )

au
c — —--i- (2 .8 )yy ay

aU
~ (2 . 9)• c — —

~~~~

au a~ •

c — !  __.~ ÷ __i (2.10)• xy 2 ay ax

au au
- : 1 £ x (2.11)

£ -—ax 2 ax ax
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(2 .12)

The equations of motion in the linear theory of elasticity

are listed in Equations 2.13—2.15:

aa aa ac 32
u

a~
’ + a~ 

+ aU 
P (2 . 1 3)

aa aa a2u
• ----~~~~ + “ + yz (2 .14 )• ax a,! ax

aa a2u
ZX 

+ 
zy + zz 

— 
a (2.15)

ax a7 az ~ at 2

Substitution of Equations 2.7—2.12 into Equations 2.1—2.6

and further substitution into Equations 2.13—2.15 yields the

equations of motion in terms of displacement which is called

Navier ’s Equation :

2_
+ (A + C)V(V . — p (2 .16)

• at

With the presentation of Navier ’s Equation , three new

equations can be introduced. The first equation is the

representation of the displacement field ~i by the

scalar potential 0 and the vector potential ~~~ .

Wills (81 has shown that

(2.17)
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is a legitimate representation of a displacement f ield

subject to conditions that continuity exists. Two other

• relations can now be defined :

A + 2c 1/2
CL

_ 
~ 

(2.18)

1/2
CT E ~ (2.19)

It is to be shown that cL is the longitudinal wave

propagation veloc ity of sound while cT is the shear wave

propagation velocity . Using Equations 2.17—2.19 , Navier ’s

Equation may now be expressed as

V [C~ V .(V~) -
~Jj- Vx [C~ Vx (VxiJ~) + 141 - 0  (2 . 2 0 )

Equation 2.20 describes the general wave propagation

equation for sound. Two cases can now be considered .

First consider the case when v w 0 , u~0 and ti~”
ii(x—ct) where c is the propagation velocity of the

ultrasonic wave. It can be shown that:

2 22 a u  a u
~~~~~~~~~~ (2 .21)

• ax 3t

• 11

.4 .
- •-
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This is the long i tud inal wave equation . For this case

c~ cL.

The second case is for transverse wave motion in wh ich

• u -w— 0 , v~ 0 and u=i~(x—ct). Equation 2.16 may then be

writ ten as:

2 22 a v  av
• ~~~~~~~~~~~~ ( 2 . 2 2 )

where cT c. This is the transverse wave equation .

In general , the wave equation takes the form

(2.23)
ax ay 3z C~~ t

Brekhovskikh [9~ states the simplest form of plane wave

motion may be expressed as

X1~ + yfl
F X Z _~~ ( 2 . 2 4 )

where 
~x ”~y ”~z are the direction cosines of the normal

to the wavefront in coordinate system t, ~~
‘
, i~. The general

solution to the wave equation for a single frequency wave

omitting a phase angle is

12
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A(v)exp[1(~
.
~ — wt) ] (2.25)

• where,

v 2irk _ _
~= T (2.26)

~~~‘ k n I + k n 1 + k n ~~ (2 . 2 7 )

• ~~~~ xI + y
~~+ z j ~ (2 . 2 8 )

It is important to note that Equation 2.25 is analogous to

the expression for the propagation of light.

2.2 Propagation of Sound between Media

When an ultrasonic wave propagates from a liquid to

solid or solid to liqu id medium , it undergoes reflection and

mode conversion to longitudinal and shear wave forms. This

section presents the basic equations necessary to describe

these phenomena.

A longitud inal wave propagating through a liquid media

• 
to a solid results in three waves as shown in Figure 3:

(1) a reflected longitudinal wave back into the liquid ,

ArL.

(2) a transmitted longitudinal wave into the solid,

• AtL. ~~~.

(3) a transmitted shear wave into the solid, AtS.
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from Liquid to Solid Media
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As in optics there is the equivalent of Snell’s Law for

acoustics (9]

• 

- 

• sin(a) sin(8) 
— 
sin(c) (2.29)C1L C2~ C2L

• Equation 2.29 relates the various incident and refraction

angles to their respective propagation velocities of sound

in the media. Given Equation 2.17 for the displacement

f ield , the velocity field may be expressed as

£ •u V $+Vx~ (2.30)

;~. As illustrated in Figure 3, the wave motion is restrained to

the xz—plane for analysis. From Equation 2.30, the particle

velocities have the form

. I

, a~ ~~‘• s u — —  (2.31)
x ax az

— 0 ( 2 . 3 2 )

~ a32 a~,
u~~~~ - + — ~~

- (2.33)

The longitudinal wave motion is governed by the equation

(2.34)
cL at
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while the transverse wave motion is obtained from

• ~~~~~~~~~~ (2.35)
cT at

cL and cT are given by Equations 2.18 and 2.19

respectively.

• There are three basic boundary conditions which must be

• satisfied at the liquid—solid interface :

(1) The normal compressive stress on the solid and

liquid interfaces are equal.

(2) Since the liquid will not support a shear stress,

this stress must be zero at the boundary .

(3) The u
~ solid and uz liquid displacement

components are equal at the boundary .

Now from the stress—strain relations given by Equa tions - :

2.1—2.12

( 2 . 3 6 )

• 
a~2 _ G f ~~~ + 5~!j (2.37 )

Since all quantities are assumed dependent only on x and z

then from reference (91: 

• 

• 

~~~~~~~~~~~~~~~~~~~~ 
• 

J

a 

—• - ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ • —~~~~~~~
-
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= h(x,z).î (2.38)

Use of Equations 2.37, 2.35 and 2.17 and noting that G=0 for

liquid media, boundary condition (1) requires that

= Asv2+s + 2C~ + 
a *

S}  
(2 .39 )

az axaz

and with the time derivative,
2

2• 2• a~~5 a *
A1V ~ 

= X~V $
~ 

+ 2G 2 + 
S (2.40)

ax 
~x~~ z

The shear stress boundary condition requires that

2 + S 
- - o (2 .41 )

ax~~z 3x2 ax 2

and with the time derivative ,

a2 a2
~ a24,

2 S + — —~~~~ — 0 ( 2 . 4 2 )
9x 3z ax ax

The maintenance of continuity at the interface results in

• the expression:

( 2 . 4 3 )ax ax ax

• and with the time derivative,
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j

(2.44)

From Figure 3 and Equation 2.25 the potential function

[91 for the incident wave may be expressed as

• inc 
= Aexp[i(kit(x sinci — z cosct) — Vt)] (2.45)

and for the reflected wave

ref 1 
— A exp[i(kit(x sinct + z cosci) — Vt)) (2.46)

Now for the longitud inal wave in the solid

= A 
~~ 

exp[i(k2~(x sinc — z cosc) — Vt)] (2.47)

A
= A —

~~~~

- exp [i(k 2s (x sin$ — z cosB) — wt)) (2.48)
IL

wher e ,

kit — - -  (2.49)
1L

k2t 
— 

_~L - (2.50)• C2L

• k .II J~L (2 .51)
2S C2~

—
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Brekhovskikh (9) solves Equations 2.45—2.48, 2.40, 2.42 and

2.44 simultaneously to obtain:

2 2A z.~5 cos 28 + z.~ sin 28 — a• rL i~~. LS (2 52)

~
‘1L 

— 

Z2t cos22B + z25 sin
22B +

• A p 2z cos 28t L l  21 (2.53)
• AiL ~2 z2~ cos22B + z2~ sin

228 +

A s 
_p
1 2z2~ 

sin 28 
(2.54)

A~1 ~2 a2~ cos
228 + z2~ sin

228 + a11

where the acoustical impedances are given by,

• P2 C2t— cosc • 
(2.55)

- ~2
c2S - 

‘2• z — ‘ I2S cos8

• P C
• a — .• it cosu

• The second case to consider is shown in Figure 4. When

a longitudinal wave passes from a solid to liquid medium the

following waves result:

(1) a reflected longitud inal wave back into the solid, •

ArL.

(2) a reflected shear wave back into the solid , ArS.
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• p Direction of Wave
Propagation

1’ Liquid (Medium~-1)
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,,
#

”
~~~~ 

~~~~~~~ o1id~~::dium-2)

Figure 4. Longitudinal Wave of Amplitude AiL Propagating
from Solid to Liquid Media
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(3) a transmitted longitudinal wave into the liquid ,

AtL.

- - 
. Using the same analysis and boundary conditions as before,

• Brekhovskikh obtains :

2 2A L 
— 

alt + z2~ 
sin 2A — a21 cos 2A (2.58)

AlL a11 + z2~ sin
22A + z21 cos22X

- 
cos~ - 

AtL C1L (2.59)
Ait cosp cos22A AlL C2L

— I~- 
~~~~~~~~ 

2 
(2.60)

where the acoustical impedances are given by:

P C
— 

1 lL (2.61)it cosu

P2 C2L
— ( 2 . 6 2 )

Z
2~~ — 

A (2.63)

• • A shear wave passing from a solid to liquid medium and

polarized in the xz—plane produces the following waves:

21
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(1) a transmitted longitudinal wave into the liquid

med ium, AtL.

(2) a reflected shear wave back into the solid, ArS.

(3) a reflected longitudinal wave back into the solid ,

ArL.

As shown in Figure 5 and using the same analysis as

before ,

- -• 

alt + a21 cos
2
2$ - z2s (2.64)Ais a11 + z21 cos 2$ + sin 2$

AtL tan* i+~~.!~ (2.65)
Ais 2 s1n2 $ 

Ais

— :~:~~~I 1+~~~~I1~~~~}2 (2 . 6 6 )

where the acoustical impedances are given by:

P C
— 

1 1L (2 . 6 7 )
it cos$

• p C
a21 (2.68)

P2 2$
— cos$ • (2 .69 )

22
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~~
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i1

2) 

Mt

ArS

Figure 5. Polarized Shear Wave of Amplitude MS Propagating
from Solid to Liquid Media
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Another important parameter in the analysis of wave

• motion is the conservation of energy at the solid—liquid

interface [2]. For the first case, by the conserva tion of

energy:

2 2 2 2p-I P~ P.~ .~ P1
~~~~~~ +_ ±_ A L + ._t_ A

L _~~~_ A L (2.70)a11 rL Z
2Q 

tL z2~ tS alt iL

and for the second case,

z21 
A~~ + ~~~~ A2

~ + 
~~~ 

A~~ - ~~~ A~~ ~ 2 • 71)

and for the f ina l  case ,

-
• 

;- 2 2 2 2

2 ~l 2 
p

2 2 p2 2- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(2.72)

• In general, the energy contained in an acoustical wave may

be expressed as [21 :

I p
2
A
2

I E — ~ (2.73)wave
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where pj, A2, and Z1 correspond to a shear or longi—

tudinal wave in media i.

• Figures 6 and 7 show the division of the energy in an

• incident longi tudina l wave in water as it is transmitted

into and reflected from aluminum alloys and plexiglas.

• These graphs were made using Equations 2.52—2.57 and 2.29.

It is interesting to note that very little shear wave energy

is generated until the angle of incidence (a) becomes very

large. This effect occurs around 90 for transmission from

water to aluminum or water to plexiglas. As the angle of

incidence increases, the longitudinal transmitted wave

energy decreases rapidly while the shear transmitted energy

• increases to a point and then rapidly decreases. Also it is

observed that in general, plexiglas reflects significantly

less energy than aluminum and transmits a greater amount of

longitudinal wave energy.

In construct ing Figures 6 and 7, the following

properties of materials were used (1):

p H2O = 1.0 g/cm3

p plexiglag = 1.20 g/cm3

p liST-Al = 2.80 g/cm3
-

• p 2S0—Al — 2.71 g/cm3

C]L H20 — 1.45 x ~~ cm/sec

C2L plexiglas — 2.68 x lO~ cm/sec

C2L 17ST—Al — 6.25 x iO~ cm/sec
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Transmitted Shear Wav—~~~~~~~~~~~~~~
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Reflected Longitudinal Wave

• 0.5~~~

- Transmitted Longitudinal Wave

• 
- 

Transmitted Shear Wave 
_ ___ 

___

0•0_

0.
I I I I I I I I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ANGLE OF INCIDENCE (cx )

Figure 6. The Division of Energy Into Various Wave Modes
for a Longitud inal Wave in Water Intercepting an
Aluminum Interf ace
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c2L 2S0—A1 = 6.35 x iø~ cm/sec

• C2S plexiglas = 1.32 x ~~~ cm/sec

C2S liST—A]. = 3.10 x l0~ cm/sec

c2S 2S0—Al = 3.10 x iø~ cm/sec

Ano ther impo rtan t parame ter in acoustics is the cri tical

angle for reflection . If an incident longitudinal wave

angle of inc idence is

1UCL 
= 

~~~~~ (2.74)
2L

the transmitted longitudinal wave will pass along the

surface of the interface. [f a> °cr~ 
then the

longitudinal wave will not be transmitted into the second

media but will be reflected back into the first media along

wi th the normally reflected wave. For the transmitted shear

wave ,

— sin~~ f~U~ (2.75)

The behavior for a> acs is the same as for the

transmi tted longi tud inal wave in med ia 2. ~~~ and acS

are referred to as the longitudinal and shear transmission

critical angles respectively. Since C2L > C2S for

solids then acs > OCL. It is possible to use this

property for inspecting materials utilizing shear wave

28
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transmission. It is important to note that the analysis

developed in this section was for a longitudinal wave in

liquid media infinite in width and depth intersecting a

solid surface of infinite width and depth. In practice,

acoustical waves are very small in lateral dimensions across

the wave front. Brekhovskikh [9] shows the existence of

small reflected wave displacements in the x—d irection for

beams of ultrasound having bounded dimensions. This effect

is considered negligible in the present analysis.

2.3 Propagation of Sound in an LSL Interface

This section presents the necessary equations for

understanding the propagation of sound in an LSL

(liquid—solid—liquid ) interface. Consider the sound ray

diagram of Figure 8. An ultrasonic wave of amplitude A1

travels along path D1 until it encounters a liquid—solid

interf ace. At the interface the wave undergoes mode

conversion into a shear wave of amplitude A2, a

longitudinal wave of amplitude A5 and a reflected wave of

ampl itude A8. The transmitted shear and longitudinal

waves transverse a thickness D of the solid where they

encounter a reflecting—scattering layer. This layer is

considered to have the unique capability of converting any a

wave into either a pure shear or longitudinal wave which it

reflects back into the solid . There are four possible waves

which result:

29
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(1) a reflected shear wave A3 from the incident shear

wave A2.

(2) a reflected longitudinal wave A4 from the inci-

den t shear wave A2.
• (3) a reflected shear wave A6 from the 

•
inciden t

longi tud inal wave A5.
• 

• 
(4) a reflected longitud inal wave A7 from the m ci—

• dent longitudinal wave A5. 
-

• The waves from cases 1,2,3 and 4 undergo further mode

conversion at the solid—liquid interface where they are

• converted into longitudinal waves of amplitudes A9, A10,

A11, and A12 respectively. These waves may then be

detected as waves of energies S2, S3, S4, and S5

• : relative to the transmitted energy , respectivity, in a

receiver plane as shown in Figure 8. The waves are assumed

to have a Gaussian distribution of intensity versus

cross—sectional distance with the maximum occurring along 

- the rays drawn. The effects of bounded beam size are
-

• 

• assumed negligible and the basic equations presented in

Section 2.2 will be used in the analysis. As stated before,

~~~~~~~~~~ the reflecting—scattering layer is ideal an~~~~~ir convert a

- longitudinal or shear incident wave with 100% efficiency

into either reflected shear or longitud inal waves but not

- - both. Therefore, this layer has one of two ideal

• 
- 

-
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characteristics: it is either a shear reflecting—scattering

layer or a longitudinal reflecting—scattering layer.

• From the geometry shown in Figure 8 and Snell’s law

(Equation 2.29)

sjn8 ’~~~~~~sjna (2.76)

sinc — sina (2.77)

D = D  = D  = 
D (2.78)

2 3 6 cosB

D
D
4
= D

5
= D

7~~~ cosc (2.79)

If the following equations are defined :

• h9 — 2D2 sine cosa (2.80)

h10 — 
~~2 sine + sinc) cosa (2.81)

— (D5 sinc + D6 sinB) cOS~ (2.82)

— 2D5 sinc cosa 
(2.83)

then,

h h12 ~~~~~~~~~~~~~ 
( 2 . 8 4 )

Dll
_ D

l 2 f h  
• (2 .85)

32
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_D10 — D
12f h = ~~~~ ( 2 . 8 6 )

h - h
D

9
D

12 h — h  
( 2 . 8 7 )

12

• D8 — D
l2fh h )  (2.88)

A
The acoustical impedances for the geometry are:

= 
P1 C1~ (2.89)

11 cosct

P2 C2~z22 = (2.90)

_ p2 C2s
— cos8 (2 .91)

I
• In general:

s = ENERGY RECEIVED AT LOCATION (1)
i - ENERGY INITIALLY TRANSMITTED (2.92)

From Equation 2 .52  and Equation 2 .73

• 2 2
• * 

a21 cos 2~ + z 2~ sin 28 — a11S1 - z:t :09
228 + z2~ sin228 + z11 

( 2 . 9 3 )

• 
S1 

— S
1 
S~ (2.94)
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The calculations for S2 will be based on a 100% shear

reflecting—scattering layer with the shear waves polarized
• in the xz—plane . Then,

A p 2z sin 283 1  2S ( 2 . 9 5 )
A~ P2 a21 cos22B + z2~ sin228 + zU

£9 tancz 
1

~~~~
ArS (2.96)

A3 2sin28 A19
where ,

•

2 2A z + z  cos 2 B — z  sin 2BrS 
— 

11 2t 2S ( 2 . 9 7 )
Z
l& 

+ z2L cos22B + z
2~ 

s1n
2
28

and for the energy ratio,

* 
A3 A9— A A

3 
(2.98)

S2 — S S (2 . 9 9 )

The S3 energy ratio is calculated for a 100% longitudinal

reflecting—scattering layer. From Equation 2.54,

£2 
p 2z sin2B

• 2 2 ( .  ~
cos 2~ + sin 28 + a11

Equating the conversion of shear wave energy to longitudinal

wave energy • -

2 2
a._ £2 

— —i-- A2 ( 2 . 1 0 1)
221 4 22S 2
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and ,

• 

- • ±!t.±a~/!~ (2.102)
£2 A1 22S

Then from Equation 2.59:

A10 cose A L C1L
— 

cosci cos228 
1 — 

~~~~~~~~ 
(2.103)

• A L 
— 

~lt + 
~2S sin22B — a21 cos~2B (2.104)AlL z1~ + z2~ s1n228 + z2~ cos22B

and for the energy ratio,

~~ 
A1~ A4

3 
= 

A4 A1 (2.105)

* *S3 — S
3 S3 (2.106)

The S4 energy ratio may be calculated for a 100% shear

reflecting—scattering layer. Using Equation 2.53

A p 2z 1 cos2B

2 2 ( 2 . 1 0 7)
~1 2 C08 28 + 22S sin 26 +

Equating the reflected shear wave energy to the incident

longitud inal wave energy

2 2p_I P_I
—~-- A ’ _ _ ~ _ A & (2 . 1 0 8)
~~2t ~ 22S 6
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A6 
- 

A5 ~f~s (2.109)

From Equations 2 . 6 4  and 2 . 6 5 ,

11 _ tana l + — ~~- (2.110)
• • A6 2sin~ B A is

— — 

Z
l~~ + z~~ cos

2
~~ 

— z~~ sin2
~~ (2.111)Ais Z

1~ 
+ Z

2~ cos2 2$ + a25 s1n2
28

and for the energy ratio,

S - - ~-i~~ (2.112)

S4 — s s (2.113)

3 
Finally, the S5 energy ratio may be calculated for a 100%

longitudinal reflecting—scattering layer. From Equations

2.53, 2.58 and 2.59:

£7 P1 2221 cos2B

£1 
— 

~ 221 cos
22B + 22S sin228 + alL 

(2.114)

— 
Z

~~L 
+ 22S sin

228 — 221 cos 28 
(2.115)

IL 211 + 22S ~~ 28 + 221 cos 28

£22 — 
cosc 

— 

A rL C1L (2.116)
A 7 cosci cos22B AlL C2L
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and for the energy ratio,

* £22
A

7• S ~~~~~~~~~~~~~~~~~ ‘2 1175 A~~~A~ • 
‘ I

* *S5 — S
5 
S
5 (2.118)

Figure 9 show s S1, S3 and S5 energy ra tios as a

function of the angle of incidence (a) for plexiglas where:

p H20 = 1.0 g/cm3

-: p plexiglas = 1.20 g/cm3

c1L = 1.448 x i0~ cm/sec

C2L = 2.68 x l0~ cm/sec

c2S = 1.32 x ~~~ cm/sec

D1=  1.00 inch

D2 = 1.00 inch

• Figure 10 shows hj2 as a function of the angle of

incidence and depth of the scattering layer D. As can be J
observed in Figure 9, the S5 ratio is the most dominant

ratio for all ci given. The 
~2 and S4 ratios were found

to be negligible since they involve three rather than two

~~~~ mode conversions from shear to longitud inal and vice versa

wave forms. The S3 ratio is small for it is the result of

a longitudinal—shear—longitudinal mode conversion. As

illustrated in Figure 7, plexiglas reflects very little

incident longitudinal wave energy resulting in ‘a low S1
ratio.
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In general, a reflecting—scattering layer is non—ideal

and will transmit energy and reflect both longitudinal and

shear wave energy. However, the longitudinal wave reflec-

tion characteristics are in general dominant. This theory

suggests that given a definite scattering layer then the

proper orientation of the receiver will result in the detec—

tion of a return signal from the layer. This forms the

basis for continuous wave (CW) acoustical speckle interfer—

ometry. With the proper transducer configuration it may be

possible to detect the signal from any layer in a multiple

number of scattering layers.

2.4 The Speckle Effect and Cross—Correlation

Suppose a pair of transducers opera ting in the contin-

uous wave mode as in Figure 8 remain fixed relative to one

another and are scanned over the scattering layer a distance

D below the surface as in Figure 2. The scattering layer as

discussed in Section 2.3 may theoretically reflect waves as

shear, longitudinal or a combination of these two waves. In

general , only the S5 wave is considered significant. If

the S5 wave reflectivity is variable as a function of x

then the longitud inal wave amplitude A5 may be expressed as

A
5 

— f (x) (2 . 1 1 9 )

In general, the A5 wave amplitude is a function of x
• due to the completely arbitrary nature of the reflecting—

L -~~~~ ---~~ — — — -— ---- 
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scattering layer. The random variation in f(x) is referred

to as acoustical speckle. Various mechanisms are respon—

sible for the scattering effect. It may be attributed to

inclusions in the otherwise assumed homogeneous solid media

or in the case of anistropic crystalline structure, grain

orientation may produce the effect El] .

• Figure 11 shows an example of a continuous wave scan of

a reflecting—scattering layer. In the upper portion of the

figure, a pair of transducers are oriented for receiving the

return echo from the scattering layer which is homogeneous

except for a small inclusion . The transducers are scanned

from x ’ to x ’+x” and A5 is plotted as a function of x.

Graph (a) shows a decrease in the A5 amplitude at x—x ”’

due to the presence of the inclusion. This represents a

perturbation in an otherwise straight line plot and may be

referred to as acoustical speckle, analogous to a speckle

point in laser speckle interferometry.

Af ter  scanning the undeforme d solid , the transducer pair

is returned to its starting position at x=x ’. The solid is

now displaced an amount dx and the transducers scan the same

scattering layer and the result is shown in graph (b). The

~~~~ process of cross—correlation may be used to determine 4x

which is the interferometric analysis process.

Suppose the A5(x) amplitude is known for the

undisplaced solid and the A~(x) amplitud e variation
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• from xa to xb is known for the displaced solid . The

cross—correlation function [101 is defined as:

C(t) 
f 

A (x)A5(x — r )dx (2 . 1 2 0 )
X

where ,

X
a

_ X I T < X
b

_ X _ X
~

t

For the par ticular ex ample shown , Reference [10) show s that

the C(t) function will have a maximum for t =~~x. This is

the resul t of the fac t that two iden tical wave forms remain
• 

essentially uncorrelated except where they may be super—

imposed upon each other. The theory indicates that for DC

response, A5(x ) signals (A5(x) = constant) will not

— result in an extremum . Likewise, for periodic func tions

C(t) will have ma rty extrema. All of this implies that to

achieve a desirable cross—correlation, the A5(x) signal

- must have a random variation over the scanning range of x’ -

• to x ’+x ” .

A much easier to understand correlation function is the

difference cross—correlation defined as:

I
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x
C’(t) 

f J A 5 (x) — A5 (x — T)I dx (2.121)

x — x < I < x. — x — xa — — b

• an d the least squares cross—correlation function may also be

d e f i n e d  as:

I

x I
-

C (t) [A5(x) 
— A 5 (x — I) 

- ( 2 . 12 2 )

I 3 a,

x - x  < r <  x — x  — x
a — — b

Expansion of the least squares cross—correla t ion f u n c t i o n

yields :

2 2C (r )  — [ A 5 (x) + A 5 (x — r) )dx — 2 C(T) (2.123)

The first term of this equation may be related to the

average power of the A~ and A5 signals while the last

term is the cross—correlation term. Equations 2.121—2.123

have a minima for r = 4 x .  •

It is desirable to utilize Equation 2.122 for

correlation for it generally gives the best overall results. - 

-

~ ::~~
:. ‘ . ;. . ~~~~~~~~~~

•

~~~~~~~~~~

•

~~~~~~~~~~~~~~~~

• ••

~~~~~~~~ 

- —-~ -- -~~~~ --•~~-- • - --- •- - -- -- - • - ~~—~~~~——~~ — —



r

This func tion weighs both the cross—correlation and the

average signal power.

As will  be shown in Section III , there are two possible 
-

methods for implementing the scanning process. However,

both methods use discrete dig ital sampling of the A5 and

• A~ signals at selected points a distance ~1N apart.

Suppose a scan of the undeformed specimen is made from x ’ to

x 3+x ” . A total of N data points were sampled during this
- -

scan where A5(].) = A5 ( x ’ )  and A5 (N) A5(x ’+x ” ) .

The incremen t be tween scan poin ts is

(N - 1 )  
( 2 . 1 2 4 )

Now let the• specimen be displaced a d istance

— —rt~N (2.125)

The specimen is now scanned m < N times from Xa X ’ to Xb

where

— (M—1)AN (2.126)

It is assumed in this analysis that 0 < r < N—rn where r is

an integer for the present time. The discrete least squares

correla tion is now

M
• CD (L) — [ A

5
(i) — A5

(i + L) ~2 (2.127) 
-

O < L < N  -M
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From the theory presented thus far, the C~ func tion

will have a minimum value for L=r. The discrete corre1at~on

function

CD(L) = [ A (i)A5(i+L) 1 (2.128)

0 < L < N  - M

will have a maximum value for Lr.

Equations 2.127 and 2.128 coupled with Equations 2.124

and 2.125 provide the numerical bas is for acoustical speckle

interferometry . As will be shown later by example, if r is

not an integer value for the initial displacement then these

equations will interpolate to the nearest integer value.

This insures that displacements of ±dN can be measured .

Although the mathematics wil l  not be covered here, it is

important to mention that the Discrete Fourier Transform can

be used to perform the operation of cross—correlating data

involving large N and m values with a considerable time

saving in con~uting if implemented as a Fast Fourier

Transform (FFT) algorithm . All correlation analysis

presented in this work will be performed using Equation

2.127 as the cross—correlation function.
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III. EXPERIMENTAL CONFIGURATION

This section presents the hardware which was used to

make acoustical speckle interferograms. Two separate sys-

tems are presented . These are the pulse—echo and continuous

wave interferometric systems. In developing the two sepa-

rate systems, eight pieces of hardware comprising the data

acquisition system are found common to both.

3.1 Data Acquisition System
* -7

Figure 12 illustrates the data acquisition system used

in experimentation. The basic components and their

functions are:

a.) PDP 11/40 Minicomputer— this computer, manufac tured

by the Digital Equi pmen t Corporat ~ (DEC), serves

as the central controller for making an inter—

ferogram. It contains 32,000—16 bit words of stor—

age and uses an RT11 software control system.

b.) RXO1 Floppy Disk— the disk drive is used to store

programs, data and the RTll monitor. It is a dual

drive unit with 250 ,000—16 bit words of storage.

It is manufactured by DEC.

c.) Decwriter— this is the typewriter input/output port

for the computer. It is a 30 character per second

unit used to input scan parameters for making an

- 
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interferogram and printing the results of the cor-

relation process. It is manufactured by DEC.

• d.) AR11— this unit is the analog I/O port manufactured

by DEC. The AR11 is used to plot data on an oscil-

loscope and digitalize receiver transducer ampli—

tude signals for the correlation analysis presented

in Section 2.4. The AR11 features a 16 channel AID

8 converter with an input voltage range of 0 to +5

volts, a resolution of 10 bits, and an accuracy of

±0.1% of full scale. It also has a 22 to 24

microsecond conversion time, an input impedance of

10 megohme and a settling t ime of 8 microseconds 4

ma x imum . The ARl l also has two D/A converters

• operating at ±~~‘~~ 
volts wi th 10 bits of resolution

and ±2% of 1 volt full scale accuracy . These D/A

• converters are used for plotting data on an oscil—

loscope.

e.) Oscilloscope— this is a Tektronix Company Model 549

oscilloscope which is used to plot data from the

co~~ uter via the AR1 I. interface .

f.) DR11C— the DR11C is a digital I/O interface used to

position an XY—table for the transducers when scan—

ning . It is manu factured by DEC and features 16

ports of input and 16 ports of output TTL com-

patible voltages.
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g.) XY—Table Controllers— control of the Wi—table via

the DR11C interface is maintained by these units.

This system contains two Slo—Syn translator modules

(Type STM 101) manufactured by the Superior Elec-

tric Company . Also included in the system are two

Type MPS-l000 power supplies also made by Superior.

h.) Xy—Table— the XY—table is one of the most important

components in the data acquisition system. It is

used to position the transducers for scanning over

a specimen in the interferogram process. The XY—

table selected is made by Design Components Inc.,

and is a Model DC—66 having a scanning range of 6

inches in the x and y directions. It can take

single steps between scan points of .001 inch with

a repositioning accuracy of .0001 inch .

The theory of operation for the data acquisition system

is as fo l lows. Af ter the prog r am for  scanning is started

the necessary scan parameters are input to the computer from

the DecWriter. These parameters include the number of

points in the first and second scans, the number of .001

inch steps between scan points and the rate at which the

scanning process is performed . The computer is then ready

for the start of scanning .

For the first scan, the Wi—table is advanced to each

scan point and a predetermined number of samples of the

50
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receiver transducer output are digitalize and averaged

together to obtain the first signal for cross—correlation.

Af ter the first scan is made, the specimen is displaced and

a second scan is made according to Section 2.4. Cross—

correlation of the two signals is then made and the results

are printed on the decwriter and plotted on the

oscilloscope. Displacement of the specimen is made by

moving the transducer(s) relative to the specimen in .001

inch increments.

• 3.2 Pulse—Echo Experimental Configuration

Pulse—echo acoustical interferometry is similar to sonar

scanning. A pulse of 1 to 4 microseconds duration of

ultrasound is transmitted from a transducer as shown in

Figure 13. The pulse propagates toward the liquid—solid

interface where a portion is reflected back to the same

• transducer which is now acting as a receiver. The energy

not reflected back is transmitted into the material. Due to

the presence of subsurface inclusions and crystalline grain

structure, various parts of the solid may reflect acoustical

energy back to the transducer some time after the arrival of

the front surface echo.

After the transmitting transducer has been switched to

rece iver mode th e en t ire echo from the solid-liquid
-

• 
interface and subsurface anomalies is amplified and gated .

Figure 14 illustrates the gating process. A square—wave 
- 
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Transmit Pulse Fro.~t Surface Echo

Scale — 0.2 Volt/Division

1 Microsecond/Division Sweep Time

4.08 MHz Transmit Frequency

DAPCO Needle Probe

• Figure 13. Pulse Echo Signal of Plexiglas (Specimen—l )
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Figure 14. Gating Process for Pulse—Echo Acoustical Speckle
Interferome try
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pulse of width Atw (some time t5 after the initial

ultrasound pulse transmission ) is activated . When the pulse

is turned on the amplified signal of the return echo is

rectified , an envelope of the signal is generated and is

dig italized. ~~~ is about 20 nanoseconds in width and in

- 
• practice only a very small portion of the return echo is

digitalized . In effect, the return echo from a very small

region below the surface of the specimen is digitalized and

sent through the ARll to the computer for processing . For

very small ~tw, 
the depth of this region is given by:

C2D — (t — t1) —i (3.1)

for longitudinal wave propagation and ,

D — (t
5 

— t
1) ~~~ (3.2)

for shear wave propagation. Shear wave propagation for

normal beam incidence is negligible. In practice, all wave

propagation is considered to be longitudinal since the

transmitting transducer is normal to the solid surface.

• Figure 15 illustrates the system used to implement the

pulse—echo interferometric process. A Holosonics Company ,

Model 200 acoustical scanner, capable of transmitting short

ultrasonic pulses and converting the echo amplitude to a

level representation for any portion of the specimen was

used . The unit is commercially available from the
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Transducer Support

DAPCO Needle P rob e
Transducer

ri—Table

II ‘I Controller

Specimen tank containing specimen
and water acoustical couplant

J ~ignai L J Holosonics ~ J — L ~~ Pass 1Preamplifier 200 Unit Filter

RC Filter Circui t
0..— %~,4r— ~ — 0 Tektronix

R Model 485
C _ Oscilloscope

I r 
_ _ _ _ _ _ _ _ _ _  

T0 AR1I A/D
in j out Converter• 0- -o

Figure 15. Basic Pulse—Echo Scanning Configuration
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Holosonics Corporation. The echo return from the transducer

was monitored on an oscilloscope as shown in Figure 13.

Since the sample and hold gate width 4t~ is very small for

the Model 200 , the outpu t was passed through a passive RC

low pass filter circuit as in Figure 15 and then sent to the

AR11 for digitalization. The filtering was needed since

very small changes in the phase angle of the gated signal

result in large changes in the sample and hold signal

output. All scanning was done using a Yale size 18, needle

probe from the DAPCO Corporation.

In operation, the transducer was scanned over the

specimen and the return echo was digitalized corresponding

to some distance D in depth for the solid . The signal was

stored by the computer for cross—correlation with the signal

from the specimen displaced relative to its initial

position. The specimen was placed in a small plastic

container attached rigidly to the XY—table.

3 . 3  Continuous Wave Experimental Configuration
• In order to implement the scanning process for CW

acoustical interferometry , described in Section II, two

transducers were attached to the side of the Wi—table as in

Figure 16. Ti~o clamps which can be rotated are used to hold

the transducers in their proper orientation for scanning.

• These transducers were immersed in a tank of water

containing the specimen and scanned over its surface.
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Transducers
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/ 

Specimen
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Figure 16. (a) Basic Continuous Wave Scanning Geometry
(b) Transmit ~nd Receiver CW Signals
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Figure  16 i l lus t ra tes  a set of typical 3 .08 MHz signals from

the transmit and receiver transducers.

The electronics block diagram for  the scanning process

is shown in Figure 17. A Tektronix Company , Model 191,

constant amplitude signal generator was used to produce the

• RF signal which was sent to the t ransmit  transducer

unam pl i f ied and monitored on a Tektronix , Model 485 ,

oscilloscope. The central component in the system was a

Hewlett—Packard , Model 8405A , vector voltmeter. This unit

measures the RMS s ignal ampli tud e of the receiver transducer

outpu t .  It has an ou tput of 0 to +1 volt DC corresponding

to the RMS signal input amplitude from the receiver

• transducer. The oscilloscope also monitored the input

voltage to the vector voltmeter. The Model 8405A provides a

stable output signal corresponding to the input signal . Its

output was sent directly to the AR11 without any need for

electronic filtering .

In practice , the transducers were scanned over the

surface of the specimen. The input signal to the transmit

transducer remained f i x e d while the receive c transducer

• signal was monitored by the 8405A and dig italized by the

AR11. After the first scan was made, the transducers were

displaced relative to the specimen and the second scan was

made. The signals were then cross—correlated to determine -

•

the displacement between scans.
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Figure 17. Continuous Wave Scanning Electronics Block
Diag r am
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An important piece of information for CW scanning is the

frequency response curve for the transducer pair .  All CW

scanning was done using a 0 .35  inch diame ter transmit

pizoelectric transducer.  The receiver was a 0.50 inch

diame ter pizoelectr ic  t ransducer .  A frequency response

curve shown in Figure 18 was generated for the pair by

placing them 2 . 0 0  inches apart in wa ter and or ient ing  them

~tlong the same center line. An RF signal of 5.80 volts was

applied to the transmit transducer from the RF signal

gener a tor .  The receiver t ransducer  s ignal  output was then

monitored on the oscilloscope. The ra t io  of the receiver

output voltage to the applied voltage is plotted in Figure

18 versus the input  frequency . Sharp peaks in the graph

occur at abou t 1.0 , 2.1 , 3.0 and 5 .2  MHz . These peaks are

the resul t  of the t ransducers  reaching resonance conditions

and s i g n i f y ing operat ing f requencies  for  CW scanning .

The appendix contains the compu ter code used to analyze

the acoustical speckle data. It is a general purpose

program which performs least squares cross—correlation

analysis  of e i ther  CW or pulse—echo signal data .

I
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• IV. EXPERIMENTAL EXA MPLES

To test the theory presented in Section II, five

specimens were selected for pulse—echo and continuous wave

acoustical speckle interferometric evaluation. Below is a

description of each specimen used in the testing process:

(1) SPECIMEN—l

Figure 19 shows this test sample. A piece of

plexiglas, 2.03 inches x 0.88 inches x 0.45 inches

was cut using a band—saw . The cutting action of

the band—saw produced the rough surface shown in

Figure 19. This serves as the solid—liquid

interface for scarzrung. As can be seen from the

cross—section of the test specimen , there are

definite surface irregularities for scattering the

incident ultrasonic beam .

(2) SPECIMEN—2

Figure 20 shows an aluminum alloy test sample. A

piece of aluminum alloy , 1.94 inches x 0.99 inches

x 0.095 inches was cut using a band—saw . The

specimen was then sanded to a smooth surface using

Carborundum 180 C weight sandpaper. This surface

is shown in Figure 20—Ca). The cross—sectional

surface irregularities are very small.

-
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(b)

0.0224 inch thick slice of Specimen—i
at lOX magnification

Figure 19. (a) Test Specimen—i (Plexiglas)
(b) Cross—Section of Specimen— i
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( 3 )  SPEC IMEN— 3

Figure 20—(b) shows a specimen made of slip—cast

fused silica. The dimensions of the specimen are

2.00 inch diameter x 0.49 inches thick. The slip—

cast fused silica sample was made by compressing

very pure silica in a mold and fusing the material

in a high temperature ceramic oven. This material

is often used for protecting sensitive radar anten-

na transmission systems. The surface is very

smooth and relatively free of internal defects such

as small gas bubbles.

( 4 )  SPEC I MEN— 4

Figure 2l—(a) shows a plexiglas specimen LabL-icated

to show that deformation in a material could be

measured with acoustical speckle interferometry.

The sample has dimensions of 1.00 inch x 2.36 inch

x 0.130 inch thick . The front surface, which is

exposed to the incident ultrasound and serving as

the solid interface, has a very glossy appearance.

As such, it gives very poor acoustical speckle

information in CW scnning . The back surface, which

is shown in Figure 2l—(a), was made by cutting

grooves 0.04 inches wide and approximately 0.02

inches deep into the plexiglas using a band—saw.

The surface was then sanded lightly with Car—
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(b) 
___

Figure 20. (a) Test Specimen— 2 (Aluminum)
(b) Test Specimen— 3 (Slip—Cast Fused Silica)
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Figure 21. (a) Test Specimen—4 (Plexiglas)
(b) Test Specimen— 5 (Aluminum Casting)
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borundum 180 C weight sandpaper. This back surface

served as a scattering—reflecting layer for

acoustical interferometric CW scanning. The

grooves were spaced 0.20 inches apart.

(5) SPECIMEN— S

This specimen is shown in Figure 21—(b). The sam-

ple is an aluminum casting pitted with gas holes

measuring up to 0.13 inches in diameter. The

specimen is approximately 0.67 inches thick and has

a surface roughness similar to a ground finish ob-

tained from an aluminum sanding wheel. This sample

was used to show how pulse—echo scanning could be

used to predict internal deformation in solids.

Table—i gives the property data concerning density and

propagation velocities of ultrasound for specimens 1—5.

These values are only good approximations since the exact

chemical composition of the specimen were unknown .

4.1 Experimental Test—i

In this test, specimen—i was scanned as shown in Figure

22 a distance of 0.100 inch with 0.001 inch increments for

the initial scan. The specimen was then displaced a

distance áx by moving the DAPCO needle probe and then a

~~~~ second scan of 0.050 inches in 0.001 inch increments was

made. The two scans were least squares cross—correlated and

4x was predicted based upon the minima in the correlation

67
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TABLE-i

SPECIMEN 1-5 PROPERTY DATA

SPECIMEN MATERIAL C~~~2 C
2~~
2

1 Plexiglas 1.20 2.68 1.32

2 Aluminum 2.80 6.25 3.10
3 Slip—Cast Silica 1.96 4.08 2.50
4 Plexiglas 1.20 2.68 1.32
5 Aluminum 2.80 6.25 3.10

No te 1 Density given in g/cm3

Note 2 Velocity x 10~ cm/sec
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• (a) Ge~~~try for I

Test Scan

_  

l.0 

7 

s::~~en-L

I ‘t (Scan Axis)
.88 .44

~~L 1 I  _ _ _ _ _ _ _ _

End of Scan
Start of Scan

(All dimensions are in inches)

(b) Typical Signal Digitalized by the Computer From the Front—Surface
Echo Return for Correlation

Figure 22. Experimental Test—i Configuration
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function. The need le probe was located 0.15 inch from the

solid—liquid interface and the gate delay was set at 0.2

microseconds from the beginning of the fron t surface echo

return signal.

The transducer was opera ted at 3.9 MHz using a transmit

pulse width of about 3.0 microseconds. Therefore , gating

was pr imarily at the front surface echo. Figure 22 also

shows a typical signal return amplitude from the front

surface versus scan distance taken for the first scan.

Figure 23 shows two scans of 0.001 inch increment between

AID samples and a scan axis length of 0.100 inch in which

the specimen was displaced 0.001 inch between scans. A

phase sh i f t  of 0.001 inch between the two scans may be

noted.

Figure 24 shows the final result of the test. As 
-

illustrated , the correlation technique accurately predicted

the displacement of the specimen relative to the transducer

for every 4x selected . It is inçortant to note that an

average of 1000 samples of the Holosonics Model 200 output

were taken for each data point used in correlation to reduce

noise.

An average of 30 to 60-seconds is required for obtaining

a single data point shown in Figure 24. Therefore, dig—

placement measurements can be made very quickly using the

technique. The RC filter used for signal smoothing

70
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Experimental Test—I Data: Scan Axis Length = 0.100 Inch
- 

Scan Axis Increment = 0.001 Inch

Sample is Displaced 0.001 Inch Between Scans

Figure 23. First and Second Scans of Specimen— l
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described in Section III was a 5.0 KQ — 2 5 . 2 5  MFD

resistor—capacitor combination.

4.2 Experimental Test—2

The process of discrete cross—correlation described in

Section II su f fe r s  from the d istinct d isadvan tage tha t the

minimum measura ble d isplaceme n t is equal to the scan

increment of the XY—table. In this test, the scan

parameters are the same as in Test—l except that the scan

increment is 0.002 inch between discrete points. Therefore,

the scan axis length for the first scan is 0.200 inch and

0.100 inch for the second . All other sample dimensions and

average number of samples per point are the same as in

Test—l . The purpose of this test is to exam ine how well the

correlation process can measure displacements when the

actual ~1x d isplaceme nt is not an in teger mul t iple of the

incremental scan distance between sample points.

Figure 25 shows the results of the test. As can be seen

from the figure , when the actual displacement is an integer

multiple of the scan increment, the cross—correlation

predicted displacement is exactly correct. However, if the

actual displacement is between the integer multiples of the

scan increment, the predicted displacement is rounded off to

the nearest integer multiple .

From these results it is shown that the cross—

correlation process can measure actual displacements to the
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I I I

0.000 0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080

Actual Displacement, In.

Figure 25. Test—2 Displacement Measured by
Cross—Correlation Versus Actual
Displacement
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nearest value of the scan increment or ±0.002 inch in this

test. This is important for it also shows that translations

of the specimen relative to the transducer do not have to be

integer multiples of the scan increment to be accurately

measured .

4.3 E~çperimental Test—3

The purpose of this test was to show that pulse—echo

scanning could resolve object motion below the surface of

the test piece. Figure 26— (a) shows Specimen— S and the

coordinates of the scan. In this test, a 4 micro—

second—4.05 MHz pilse was transmitted and gated 1 micro-

second after receipt of the front surface echo. This

particular gate delay corresponds to receiving an echo 0.125

inch below the solid—liquid interface. Due to the long

transmit pulse width some of the front surface acoustical

echo is also received which interferes with the signal from

the scattering layer. The DAPCO needle probe was used with

an applied voltage of 1.28 volts peak to peak and 0.11 inch

from the solid—liquid interface.

The scan increment for the test was 0.001 inch. The

first scan axis length was 0.100 inch and the second axis

length was 0.050 inch. Figure 26—(b) shows the digitalized

return echo from the scattering layer for the first scan.

Each discrete point used in cross—correlation was the result

of signal averaging the return echo over 1000 samples.
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~~~~~~~~~~ 
~
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I IlllUllUll~ 
( + + —

- (Scan Axis)

End of Scan

Start of Scan

Spec imen— 5

(b)

Figure 26. Test—3 Experimental Scan
(a) Scan Geometry Showing Specimen
(b) First Scan Used in Cross—Correlation
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Figure 27 shows the results of the test. As can be

seen, there is a great deal of scatter in the data. This is

due to the fact that the return echo from the acoustical

scattering layer is very low in amplitude. The low

amplitude signal is a result of the poor transmissivity of

ultrasound from water to aluminum (Figure 6). Since the

return echo has to be amplified a great deal which

introduces spurious noise, a poor signal for correlation is

the ultimate result. The overall results are still

favorable despite this problem.

4.4 Experimental Test—4

The purpose of this test was to verify that CW

acoustical interferometry could predict motion displacement

of specimen based upon the theory presented in Section II.

Figure 28—Ca) shows the basic experimental geometry for the

test. As can be seen from the scaled figure, the receiver

detects energy below the surface of Specimen— 2 used for the

test. Since this specimen is aluminum and assumed

homogeneous throughout, the primary detected energy , -

assuming negligible beam divergence of the transmitted beam,

is from a bondline on th~ back surface.

The specimen was bonded to the acoustical couplant

holding—tank using Arno double—stick tape which served as a

reflecting—scattering layer. It is important to note that

multiple interference effects between the specimen front
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Figure 27. Test—3 Displacement Measured by
Cross—Correlation Versus Actual
Displacement
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(a) _

z

_____ •..12t’ • 72”

Transmit 
- 

Receiver 
_____

Transducer Transducer (Scan Direction ).35 Inch Beam .50 Inch Be
Diameter Diameter

d1 -

d?

x—1 .0O Inch

-‘

Arno Double Stick Tape
/ 

— Specimen-2

I -

~ 
Stainless Steel Holding Tank Base -

0.83 Inch
SCALE: 1 Inch - 0.5 Inch

— 0.83 Inch

(b) 
--

Fi gure 28. Test— 4 Experiment
(a)  Test Geometry
(b) First Scan of Specimen
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surface and transmit transducer due to multiple reverber-

ations may contribute significantly to the received energy.

F For the test, an 8.0 volt peak to peak, 3.08 MHz signal was

input to the transmit transducer. The first -scan was 0.150

inch using a 0.001 inch scan increment. The second scan was

0.100 inch. Figure 28—(b) shows the first signal used for

cross—correlation.

The results of the test are shown in Figure 29. As can

be seen , the cross—correlation predicted displacement agrees

exactly with the actual displacement for every data point

taken. An average of 500 samples of the A/D output were

taken for each discrete sample used in cross-correlation.

4.5 Experimental Test—S

The purpose of this test was to verify that CW 
-

acoustical speckle interferometry could detect motion inside

an object. Test Specimen— 4 was oriented as in Test—4 except

that a = 100 and d1 = d~ = 0.65 inch. The scanning

was done at 3.08 MHz , 8 volts peak to peak as in Test—4.

The grooved surface of the specimen was attached to the

double stick tape simulating a definite

reflecting—scattering layer , 0.13 inches below the smooth

surface of the specimen.

Figure 30 shows the result of scanning 1.00 inch over

the surface of the specimen in 0.002 inch increments. A - -

total of 500 discrete samples are shown in which 100 samples
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Figure 29. Test—4 Displacement Measured by
Cross—Correlation Versus Actual
Displacement
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Figure 30. Return Signal from Acoustical Scan of Specimen
Used in Test— S
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per point of the signal were averaged together. As can be

seen from this figure, five major maxima and f ive minima are

present indicating the variation in return signal from the

scattering layer.

To test the correlation technique, the first scan length

— was 0.100 inch with 0.001 inch increments, between scan

points. The second scan length was 0.050 inch . Figure 31

shows the results in which the predicted displacement by

cross—correlation agrees exactly with the actual

displacement. These results indicate that CW acoustical

speckle in terferome try can accurately measure d isplacement

of internal points in a solid .

4.6 ~ çperimental Test—6

One 0€ the major problems encountered with pulse—echo

scanning is directional sensitivity . If a test specimen as

used in Tests 1—3 was translated along the y—axis between

the displaced and undeformed x—axis displacements,

cross—correlation failed to predict accurate Ax motion. If

displacements in the y—axial direction are present, then

~~~~~~~~~~~ two—d imensional cross—correlation over the xy—plane is

— necessary in pulse—echo scanning .

Experimentation showed this not to be the case in CW

scanning . This experiment shows a typical case where CW

scanning detects only x—axial motion. From the test it is

hypothesized that only motion in the plane of the

-- - -3 83

5- -~~~~~~~ - 5- —— 
S

5-—-.

1~ a~~ L~ C5-~~ 
-5- ’5- 5- ---S -- ~~~~~~~~ 

ar — — — ~~~~~~~ 
—-4-- - s- S S~~~~~



0.060 — ______________________________________________

• Data

0.050 —

— Theoretical Curve

/
I-.

~~~0.040 -
C

U
U
-4
0.
.
~~ 0.030 —

C
0
-4
1.l
U

‘
~~ 0.020 —
14
II
0

C
i
)

U
U

0.010 —

0•000
~~ T~ I
0.000 0.010 0.020 0.030 0.040 0.050

Actual Displacement, In.

Figure 31. Test—S Displacement Measured by
Cross—Correlation Versus Actual
Displacement
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transducers (xz—plane) is detected provided that the y—axial

displacement is not too large .

The basic test configuration was the same as in Figure

28 except that the slip—cast fused silica (Specimen—3) was

used . For the test a= 10.4° and d1 = 0.78 inch. An 8.0

volt peak to peak load at 3.0~ MHz was applied to the

transmit transducer. The first scan was made over 0.100

inch using~~
_O.00l inch scan increment. The second scan was

made over 0.OSO inch. The transducers were centered over

the specimen as before to start the scanning .

In the experiment, the second scan was made a distance

- Ax , Ay relative to the first scan. Table—2 shows the

results of the test. From the data given, it is seen that y

axis displacements of ±42% of the beam diameter can be

tolerated . This is very important information if an

adequate theory can be formulated to predict it. A
- considerable saving in time would result if all scans could

be made in one direction rather than over an entire
— xy—region. For the experiment, the silica had a uniform

smooth surface texture with no indication of being an

anistropic scattering surface like Specimen—i. As a point

~~~ o~ interest, pulse—echo scanning could not predict motion of

- - 
the silica due to its surface uniformity which produced very

little speckle effect.
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TABLE 2

NON-DIRECTION AL SCAN SENSITI VITY DATA FOR TEST -6

Y—AXIS DISPLACEMENT ACTUAL X—AXIS DISPLACEMENT

.000 • .010, .020 .030 .040

.000 —— —— .010 .020 .030 .039

.001 ———— .009 .020 .030 .039

.002 — — —— .009 .020 .030 .039

.003 — — —— .009 .020 .030 .038

.004 —— — — .009 .019 .030 .039

.005 .000 .008 .019 .030 .039

.010 .000 .010 .020 .029 .039

.015 .000 .009 .018 .030 .039

.020 .000 .007 .011 .024 .036

— .001. ———— .010 .020 .030 .039

-.002 ———— .010 .020 .030 .039

— .003 ———— .010 .019 .030 .039

— .004 — — —— .009 .019 .030 .038

-.005 .000 .009 .019 .030 .038

— .010 .000 .012 .021 .030 .038

— .015 .000 .011 .021 .031 .039

— .020 .000 .014 .022 .033 .04 1
- — —

—i
i-

I 
___ _ _ _ _  
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V. CONCLUSIONS

The basic theory for pulse—echo and continuous wave

acoustical speckle interferometry was presented . This

theory included the propagation of sound in an LSL interface

with a scattering—reflecting layer below the interface.

Also the me thod of scanning and cross—correlation using the

square of the difference of two signals was presented . Two

separate hardware systems were developed to make displace-

ment predictions using the pulse—echo and continuous wave

modes. These systems are -very accurate and can make

displacement measurements to within ±0.001 inch using an

XY—table with a 0.001 inch step increment. XY—tables with a

smaller increment could improve these measurements by at

least one order of magnitude.

Pulse—echo acoustical interferometry was found to be

sensitive to motion in three dimensions which may limit its

usefulness since it requires scanning over an area to

predict two—d imensional motion. Cross—correlation would

have to be achieved in two rather than one dimension which

is time consuming from a scanning point of view . Pulse—echo

scanning also suffers from poor signal resolution if the

- 
- 

scattering layer is very deep below the object.
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Continuous wave acoustical speckle interferometry in

contrast to pulse—echo scanning was found to be sensitive

mainly to motion in two dimensions. With two orthogonal

transducer pairs scanning along two orthogonal lines, it may

be possible to predict two—d imensional motion using two sets

of one—d imensional cross—correlations. This greatly

simplifies data acquisition and processing time. Continuous

wave scanning gives a very strong signal return from the

scattering—reflecting layer which, unlike pulse—echo

scanning, is stable in time and can be very accurately

measured . This greatly enhances data processing and reduces

the cost of the scanning equipment.

There are several problem areas which should be

addressed in the future. One area is the analysis of

ultrasonic wave propagation in multi—layered scattering—

reflecting media. As presented in the theory, the proper

positioning of the transducer in CW mode allows for the

resolution of ultrasound return echo from any layer in the

solid medium. By controlling the position of the receiver

transducer, it may be possible to resolve multi—layered

reflecting—scattering media. Another area to be addressed

is complex geometrical shapes for test objects and their

effect on displacement measurements.

88

_ _ _ _ _ _ _  
~~~~~~~~~~~ 1 _ _ _ _ _ _ _ _ _ _

~ rF — 
— 

I
-~~~~ ~~~~~~~~~~ ~~~~ --~~~~~~~~~~~- _ _ _



a -

IV
REFERENCES

1. Ensminger, D., Ultrasonics—The Low and High—Intensity
Applications, Marcel Dekker, Inc., (1973).

2. Hildebrand, B.?., Brenden, B.B., An Introduction to
Acoustical Holography, Plenum Press, (1972).

3. Fox, M.D., Ranson, W.F., Griffin, J.R., Pettey ,~ R.H.,Acoustical Holography, Vol. 5, Editor P.S. Green, Plenum
Press, (1973).

4. Ranson, W.F., “Use of Holographic Interferometry to De-
termine the Surface Displacement Components of a De-
formed Body” , Ph.D. Thesis, Department of Theoretical
and Applied Mechanics, University of Illinois, Urbana,
Illinois, (August, 1971).

5. Kinariwala, V.R., “Determination of Surface Stresses Us-
ing Speckle Interferometry”, M.S. Thesis, Department of
Mechanical Engineering , Auburn University, Auburn,
Alabama, (March, 1976).

6. Goldman, R., Ultrasonic Technology, Reinhold Publishing
Corp., (1962).

7. Shaw, W.A ,, Smith, F.S., Strength of Materials, Class
Notes, Department of Mechanical Engineering, Auburn Uni—
versity, Auburn1 Alabama, (1968).

8. Wills, A.?., Vector Analysis With An Introduction to
Tensor Analysis, Dover Publications, Inc., (1958).

4 9. Brekhovskikh, L.M., Waves In Layered Media, Academic
Press, New York, (1960).

10. Betts, J.A., Signal Processing, Modulation and Noise,
American Elsevier Publishing Coirçany, Inc., New York,
(1971).

89

e
p -~ — S

ii 
-

— 
_ __ ___s._ — 

— —.- — — — ~~~~~ ~~~~~~~~~~~~~~ ‘—- ~ —



F — -— — 
- — —.-— — — -—-—-.-- —------- ---—- ______________ _________—

~~~~~~~~~~~~~~~
.- —“ -‘----

RETURN
END - 4
SUBROUTINE CORR (ID~N,M,IC)
DIMENSION 10(2,500)
S2=10E20
INM=0
I CNM=N—M
DO 2 I=O,ICNM,1
s=o.
DO 1 J=1,M,1
S1=FLOAT (ID(2,J)—ID(1,I+J))
S=S+S1*S1
IF(S.LT.S2) INM=I
IF(S.LT.S2) S2=S

2 CONTINUE
D=.001*FLOAT (INM*IC)

-. WRITE (5,3) D,S2
3 FORMAT (’ DISPLACEMENT= ’,F1O.3,5X,’CORRELATION= ’,E12.5)

RETURN
END
SUBROUTINE PLOT(I,ID,NP)
DIMENSION ID(2~500)ITEST=IPEEK(’177570)
IF(ITEST.NE.0) GOTO 1

2 CALL IPOKE( 170410r ’l)
CALL IPOKE(’170410,’0)
DO 3 J=1,NP,1
IP~ID(I,J)
CALL IPOKEC’170414,IP)

3 CALL IPOKE(170414,’O)
ITEST=IPEEK( ‘177570)
IF(ITEST.EQ.0) GOTO 2
RETURN
END -

SUBROUTINE YADV (IS,IR)
C IS~NO. STEPS (+=FWD,—*REV)
C IR=ADVANCE RATE OF STAGE

x=o.
IF(IS.DT.0) 6010 3
IP~IABS(IS7DO 2 I=1,IP,1
CALL IPOKE( 167772v ’020000)
DO 7 Kcl,IR,1

• 
- 

7 Y — S I N (X)
CALL IPOKE(’167772,’000000)
DO .1 J 1,IR,1

~iY
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I Y SIN(X)
2 CONTINUE

00T0 6
3 CONTINUE

DO 5 11—1,19,1
CALL IPOKE C ‘167772,’0l0000)
DO 8 KK—1,IR,I

8 Y SIN (X)
CALL IPOKE( ‘167772, ‘000000)
DO 4 JJ=1,IR,1

4 Y SIN (X)
5 CONTINUE
6 CONTINUE

RETURN
END
SUBROUTINE XADV(IS,IR)

C IS=NO, STEPS (+=FWD,——REV)
C IR ADtJANCE RATE OF STAGE

x=0.
IF(IS.GT.0) 6010 3
IP=IABS (IS)
DO 2 I 1,IP,1
CALL IPOKE ( 167~72,’10O0OO)
DO 7 K=1,IR,1

7 Y—SIN(X)
CALL IPOKE( ‘167772 , 000000)
DO 1 J=1,IR,1

1 Y SIN(X)
2 CONTINUE

GOTO 6
3 CONTINUE

DO 5 1I=1~~IS~ l
CALL IPOKE (’167772, 040000)
DO 8 KK—l ,IR~ 1

8 Y SIN(X)
CALL IPOKE(’167772,’000000)
DO 4 JJ—1~ IR~ 1

4 Y SIN(X)
5 CONTINUE
6 CONTINUE

RETURN
END

*
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